Abstract. We have carried out a theoretical and experimental investigation of the beryllium K-edge soft x-ray absorption fine structure of beryllium compounds in the oxygen group, considering BeO, BeS, BeSe, and BeTe. Theoretical spectra are obtained ab initio, through many-body perturbation theory, by solving the Bethe-Salpeter equation (BSE), and by supercell calculations using the core-hole approximation. All calculations are performed with the full-potential linearized augmented plane-wave method. It is found that the two different theoretical approaches produce a similar fine structure, in good agreement with the experimental data. Using the BSE results, we interpret the spectra, distinguishing between bound core excitons and higher energy excitations.
Introduction
Beryllium oxide has a very high thermal conductivity and electrical resistivity, and is among the hardest known materials, making it relevant for many practical applications, for example as a refractory and heat-sink material. Beryllium chalcogenides are of interest, for instance, for improving the lifetime of optoelectronic II-VI semiconductor devices [1] . To shed light on the electronic structure of these materials, we report in this paper on an investigation of the beryllium 1s near-edge soft x-ray absorption fine structure (NEXAFS) spectra. We consider the wide band-gap insulator BeO and the semiconducting chalcogenides BeS, BeSe, and BeTe. At ambient conditions, BeO forms in the hexagonal wurtzite structure, while BeS, BeSe, and BeTe adopt the cubic zincblende lattice.
NEXAFS, or x-ray absorption spectroscopy (XAS), is a widespread method for characterizing the electronic and chemical properties of materials [2, 3] . The resulting absorption spectrum is element-specific, sensitive to the local chemical environment of the probed atom, and gives insights into the unoccupied electronic valence states. Especially in combination with theoretical analysis, it can be used to gain deep insight into the electronic structure of the investigated material.
In this work, we apply two different first-principles techniques to obtain the theoretical spectra. First, we solve the equation of motion for the electron-hole twoparticle Green's function, the Bethe-Salpeter equation (BSE) [4, 5, 6, 7, 8, 9 , 10] of many-body perturbation theory. Second, we perform supercell calculations within density functional theory (DFT) [11, 12] . Here we apply the commonly used final-state rule (FSR) [13] to obtain the X-ray absorption spectra. In practice, we insert a corehole corresponding to the core-edge at a specific atom and add a screening electron into the valence to ensure charge neutrality. The system is thereafter calculated selfconsistently. Furthermore, we monitor the effect on the spectral shape by applying the Slater transition state [14] , by reducing the core-hole to half. There are many different implementations for XAS in the literature, see for example [3, 15, 16, 17, 18] . FSR is also frequently used in connection with X-ray emission and photoelectron spectroscopy. For applications to excitation energies and core-level binding energy shifts it is closely connected to ∆-self-consistent-field (∆SCF) calculations. In ∆SCF calculations the total energy difference between systems in their respective initial (unperturbed) and final (perturbed) state is utilized, see for example [19, 20, 21, 22] . In this work we do not attempt to compute the energy position of the core-edges, instead the different theoretical and experimental spectra are directly aligned for easy comparison with each other. The BSE and supercell calculation methods described above account for the core-hole effect via different routes. Note that FSR and BSE are expected to produce similar spectra for the deeper core-region, as discussed in [23] . For all calculations, we employ the highly accurate all-electron full-potential linearized augmented plane-wave (FPLAPW) method [24] . The BSE calculations are performed with exciting [25, 26] , which is an open-source package, while the supercell results are obtained by the WIEN2k code [27] . Experiments are carried out for BeO and BeS samples. Measurements for BeSe and BeTe were obtained previously, though only a range of ∼10 eV from the edge of the spectra were presented [28] .
Many studies, both experimental and theoretical, have been carried out for BeO (for recent work see, e.g. [29, 30, 31, 32] ). The Be 1s edge was investigated by Soininen et al. [33] , using a pseudopotential-based BSE technique [34, 35] and, more recently, by pseudopotential (PP) supercell calculations within the core-hole approximation [36, 37] . Regarding the beryllium chalcogenides, there are several theoretical studies on their properties in the literature, see e.g. [38, 39, 40] . However, only a few experimental XAS studies were performed. As far as we know, no experimental data has yet been published on the electronic structure of BeS. One reason for this is that BeS is very difficult to obtain: At the time of the experiment, it was commercially available only in powder form. This means that the commonly established method to derive the electronic band structure, photoelectron spectroscopy, cannot be applied due to the lack of crystallite orientation (in addition to severe charging effects).
In the following, we will provide the theoretical and experimental background of our investigations. Thereafter, in section 4, we will present our findings and compare between the different theoretical approaches and experiments. Finally, a discussion and conclusions will be given in section 5.
Theory
The present calculations are all performed from first-principles, utilizing the fullpotential linear augmented plane-wave method [24] within density-functional theory (DFT) [11, 12] . The Kohn-Sham states are obtained self-consistently and serve as a starting point for the subsequent solution of the Bethe-Salpeter equation of many-body perturbation theory [4, 5, 6, 7, 8, 9, 10] . These calculations are carried out with the opensource code exciting [25, 26] . Below, a brief outline of the methodology is presented. For further details regarding theory and implementations with the FPLAPW basis, we refer to [10] (and references therein) and to [26, 41] , respectively.
The eigenstates of the electron (e) -hole (h) pairs are obtained by solving the Bethe-Salpeter equation in terms of a matrix eigenvalue problem,
where a specific excitation λ is associated with the eigenenergy E λ and eigenvector A λ hek . By disregarding spin-orbit coupling and considering only spin-singlet solutions, the effective Hamiltonian is given by a sum over three terms,
x . Thereby, the diagonal term, H diag , is represented by the eigenenergy differences between the e and h states. The direct term, H dir , contains the statically screened Coulomb interaction, which is attractive and responsible for bound core-excitons. The exchange term, H
x , includes the short-range part of the unscreened Coulomb potential. By dropping the direct term in H 2p , one obtains the random-phase approximation (RPA) that includes local field effects. Also leaving out H x corresponds to the independentparticle approximation (IPA).
After solving the BSE by diagonalizing the matrix in (1), the rate of photon absorption is given by the expression for the imaginary part of the dielectric function,
where ε are eigenenergies and hk|p|ek correspond to the momentum matrix elements. Using the electric dipole approximation (∆l = ±1), only contributions from p-like orbitals are allowed for the K-edge (1s). In practice, we use an 8 x 8 x 8 k mesh in the case of BeO, and a 10 x 10 x 10 grid for the beryllium chalcogenides. The range of included conduction bands is 20 for BeO and 25 for the other compounds. These calculations are performed with the exciting code [25, 26] .
Our second theoretical method is the supercell core-hole approach, utilizing the final state rule, for which we employ the WIEN2k program package [27] . In this case, a corehole is explicitly introduced in the 1s-orbital at a selected beryllium site. Thereafter, the system is fully relaxed by self-consistent calculations and finally Fermi's golden rule is applied to obtain the spectra, see e.g. [18] . The supercell's charge neutrality is conserved by promoting the electron into the conduction band. It is important that the supercell is of sufficient size to avoid spurious interaction between ionized atoms through the periodic boundary conditions. We thus have chosen cells of 108 atoms for wurtzite BeO and 128 atoms for the zinc-blende compounds BeS, BeSe, and BeTe. For comparison, we also perform calculations for the so-called Slater transition state [14] , i.e. using half a core-hole. While it is often used in the literature to compute the energy of core-edges or core-level binding energy shifts [42] , we are at present interested in its effect on the spectral shape. Partial core-holes are typically used in the literature in order to improve agreement with experiment as well as a means of reducing the supercell size [43, 44] . Here, we keep the number of atoms fixed, monitoring the effect of the reduced core-hole on the spectra. For all presented calculations, experimentally derived lattice constants are used [45] . The generalized gradient approximation (GGA) of Perdew et al. [46] is used as exchange-correlation functional.
In this work, we do not compute the self-energies to obtain the quasiparticle band structure based on the DFT results. Although all-electron G 0 W 0 calculations have been demonstrated to reasonably describe semi-core states [47] , state-of-the-art GW calculations cannot reproduce the energetic positions of core states. Therefore, our theoretical spectra are aligned with respect to the edge peak for comparison with experiment. The zero is set at the calculated conduction band minimum with respect to the Be 1s level. A Gaussian broadening of 0.5 eV at full width at half maximum (FWHM) is applied to the calculated spectra for comparison with measurement data. Due to the anisotropy of the hexagonal wurtzite structure, we calculate an average over the two inequivalent crystal directions.
Experiment
Experimental XAS spectra were recorded at beamline 8.0.1 of the Advanced Light Source, Lawrence Berkeley National Laboratory. The spectra were recorded in the partial fluorescence yield (PFY) mode (to reduce saturation effects) using the soft x-ray spectrometer of the permanently installed SXF end station [48] and integrating over an emission energy range of 99.5 eV to 109.5 eV. The resolution of the beamline was set to be better than 0.25 eV. As samples, BeS powder with 99 % purity and grain size up to 150 µm (Alfa Aesar) and a BeO ceramic piece on a carbon tape support were used. The preparation of the BeSe and BeTe samples is described in [28] . Note that the BeS powder exhibits some surface oxide as will be discussed below.
Results and discussion
In figure 1 , we show the XAS spectrum of the Be K-edge in wurtzite BeO. Theoretical BSE results (red line) and supercell calculations (SC) using the core-hole approximation for one hole (blue line) and half a hole (blue dotdashed line), are compared with the experimental data (black line). Comparison with the RPA spectrum (dotted gray line) demonstrates the dramatic effect of neglecting the influence of the core-hole. The vertical dashed zero line corresponds to the onset of the RPA spectrum and thus serves as a reference for bound core-exciton states in BSE. The result obtained by the PP BSE scheme [33] is also shown (thin green line). From figure 1, it is clear that the two different theoretical approaches, BSE and the supercell with a full core hole, produce an overall similar fine structure, closely following experiment (note that the weaker intensity contrast in the experimental spectrum is attributed to saturation effects in the partial fluorescence yield). Considering only half of a core hole in the SC, which corresponds to Slater's transition state, results in a reduction of intensity at the edge and a shift of the spectral features towards higher energy. As expected, RPA gives a completely different spectrum, not only in the region of the absorption onset, but throughout the entire energy range.
One difference between BSE and SC is a higher intensity of BSE at the coreedge, in line with earlier findings [49, 50, 51] . Likewise, at higher energies, the BSE spectrum exhibits corresponding features compared to the SC results. Such behaviour was found for the Li K-edge in the wide-gap lithium halides [49] . We find that the current FPLAPW BSE scheme gives similar spectra as the PP BSE calculations [33] . However, the latter spectrum appears more stretched at higher energies than our BSE and SC calculations. We assign this difference to the fact that the band structure underlying the PP BSE [33] calculations includes GW self-energy corrections for the valence band region. Our SC results for 1.0 core-hole are similar to the ones obtained within the pseudopotential method by Gao et al. [36, 37] .
In figure 2 , we show the theoretical Be K-edge XAS spectrum for bulk zinc-blende BeS. It is compared with the experimental absorption spectra of a surface oxidized BeS powder. The surface oxidation is due to the fact that BeS is strongly hygroscopic, forming BeO and H 2 S when exposed to air. Therefore, the BeS sample contains a clear BeO signal, which can be seen by comparing with the BeO spectrum in the previous figure 1. In experiment, the signal could be monitored for samples with different degrees of oxidation (not shown). While accurate measurements of the band gap is at present not available for BeS, GW calculations predict a direct gap of 7.4 eV and an indirect gap of 4.7 eV [38] . In contrast, BeO has a wide band gap of about 10.6 eV [52, 53] . This means that the oxidized surface layer is transparent below the BeO absorption edge and we therefore attribute the prominent shoulder peak to BeS. The BSE and SC spectra of BeS are dominated by the core-edge feature, with a low (and relatively flat) intensity at higher energies. As in the case of BeO, the two theoretical approaches produce a similar fine structure, with an enhanced excitonic peak when using BSE. The SC calculation with the Slater transition state reduces and shifts the intensity at the core-edge, which is completely gone in the RPA spectrum.
The Be 1s absorption spectra for another two zinc-blende chalcogenides, BeSe and BeTe, are depicted in figure 3 and 4, respectively. In both cases, the experimental XAS spectra are those shown in [28] , but plotted in a wider energy window. Once again, as observed above for BeO and BeS, the two different theoretical approaches produce similar results. Only small differences are found in the fine structures, and the coreedge peaks are enhanced when using BSE. Our SC results are different from the ones obtained previously [28] , because in the latter the core-hole approximation is not taken into account. Note that the experimental spectra also exhibit a small peak on the highenergy slope of the core-exciton resonance (approximately 1.5 eV above the main line), which we ascribe to a minor contribution of oxidized Be at the surface of these samples. In line with the BSE and SC 1.0 hole calculations, the SC 0.5 hole and RPA spectra show a similar trend as for BeS in figure 2 . Here, the reduced core-hole effect in the Slater transition state supercell calculations produces a similar shape of the core-edge peak as in the measurements.
Discussion and conclusions
Comparing the spectral features in the Be 1s spectra obtained in the calculations, we notice that all cubic zinc-blende chalcogenides in figure 2-4 display the same overall spectral shape, with a strong core-exciton resonance, followed by a lower-intensity fine structure (the same behaviour is also inferred for BeS, see discussion above). This is different to the shape of the hexagonal wurtzite BeO spectrum, which, in addition to the core-exciton, also displays noticeable features at higher energies. This difference is retained for BeO in the zinc-blende structure, as shown by supercell core-hole calculations [37] . The spectral features can be understood by analyzing the excitations derived from solving the Bethe-Salpeter equation. For clarity, we show the individual excitations close to the core-edge in figure 5 . In the case of BeO both the components parallel and orthogonal to the c-axis are shown. The strongest bound core-exciton is mainly of s-orbital character, and therefore does not contribute to the edge peak. Instead, we find that the core-edge peak in BeO is mainly due to a strongly bound exciton (in-plane) of about 1.5 eV binding energy, as can be seen in the figure it is a degenerate state. The core-edge peak also contains two separate core-excitons (parallel to the wurtzite c-axis) of similar and smaller binding energy, respectively. In comparison, for the chalcogenides, the core-edge spectrum is composed of a multi-peak structure. Here, the most pronounced part at lowest energy correspond to bound core-excitons with the highest oscillator strength in the spectra, while the parts at higher energies consist of several excitations. The maximum core-exciton binding energies for BeS, BeSe, and BeTe, are 0.4, 0.3, and 0.25 eV, respectively. While the overall spectral shapes do not change much with k meshes higher than mentioned above, the binding energies require denser meshes to be fully converged. We estimate their accuracy to be within 0.1 eV.
Previously, it was found that BSE and supercell calculations using the core-hole approximation can give substantially differing results. For the Li K-edge in the Lihalides, it was demonstrated that it is necessary to use BSE in order to obtain a correct description of the fine structure [49, 50] . For the Mg L 2,3 -edge (2p) in MgO [50] and Al L 2,3 -edge in AlN polytypes [51] , it was shown that BSE gives a better distribution of the overall spectral intensity. In the present case, for the Be K-edge in the oxygen-group compounds, we find a smaller difference between the two approaches. Still, an advantage of using BSE is the possibility of characterizing the excitons, which correspond to the dominant spectral features in the experimental XAS spectra.
Summarizing, we have used state-of-the-art first-principles calculations to investigate the Be 1s near-edge x-ray absorption fine structure in the beryllium-oxygen group, including BeO and the chalcogenides BeS, BeSe, and BeTe. Measurements have been performed on BeO and BeS samples and have been combined with previously reported results on BeSe and BeTe. Theoretical spectra have been obtained by applying the Bethe-Salpeter equation using the open-source code exciting [25, 26] and by performing supercell calculations employing the core-hole approximation. In the present case, the two theoretical approaches give very similar results. All experimental spectra can be well described by taking surface oxidation of the material into account, especially in the case of the BeS powder. Note that while the BeS sample does not represent an ideal case due to the surface oxidation, it is nevertheless straightforward to identify its main characteristic, the core-edge peak. Further, theory predicts this marked edge peak, in line with the results for BeSe and BeTe. By solving the Bethe-Salpeter equation, we find that the core-edge peak in BeO is described by several relatively strongly bound core-excitons, while for the chalcogenide compounds the edge-peak consists of both bound excitons and other excitations. The vertical dashed line corresponds to the onset of the RPA spectrum, i.e., conduction band minimum, also the reference for the bound core-exciton states in BSE. The Be K-edge in zinc-blende BeSe. Experimental data (black line, top) [28] . The notation is the same as in figure 1. The Be K-edge in zinc-blende BeTe. Experimental data (black line, top) [28] . The notation is the same as in figure 1 .
